The study deals with a new method to generate interference-free tool posture for 5-axis control machining using a ball end-mill. The 5-axis control machining can produce complicated shapes and parts consisting of overhanging and or sculptured surfaces such as impellers. However, high degree of freedom of 5-axis control machining center causes a fatal problem that other parts except cutting edges of the tool may interfere with other surfaces of the machining object. Therefore, it is necessary to obtain the adequate tool postures to avoid the interference during machining. The interference avoidance is generally performed by the method that cutting points are generated so as to be arranged on the surface to be machined, and then the interference-free tool posture is determined on each cutting point by the geometrical calculations. However, the method has a problem that it takes long time for calculation. To solve the problem, the study proposes a new interference avoidance method of reversing the order of the above procedure, i.e., that of determining a set of interference-free tool postures before generating cutting points. From the machining results, it is confirmed that the proposed method is available to fabricate complicated shapes since the impeller can be machined by using the method.
Introduction
In the manufacturing field, it is recently required to shorten the time to make new products. By contrast, it takes long time to manufacture parts of the products. This is due to reason that the products generally need new parts whose shape is complicated and highly accurate to improve their performance. As mentioned above, however, it is demanded to fabricate such parts higher efficiently for reduction of producing time. To meet the requirement, multi-axis control machine tools are put into practical use. In the case of machining center, its typical example is 5-axis control ones which have three translational axes and two rotational axes. The machining centers have the advantage to make their cutting tool set in arbitrary postures against the surface to be machined. Consequently, they can produce parts with overhanging shape without re-setting, as illustrated in Fig. 1 . This results in efficient and accurate machining of such products.
However, the high degree of freedom of 5-axis control machining center causes a problem that the other portions except cutting edges of the tool, e.g., tool shank, may interfere with other surfaces of the machining object. In order to check the interferences, in general, some methods such as cutting simulation or trial machining have been employed. Since they are based on trial and error, however, it takes long time or a solution may be not found. Not to waste time, it is required to develop the CAM system which can generate cutter location data (in abbreviation, CL data) without tool interference. In the case of 5-axis control machining by use of a ball-end mill, the interference avoidance is generally performed by the method (1) , (2) that the tool axis vector representing the tool posture is generated on each tool center point above each cutting point distributed on the surface to be machined, and the interference-free tool posture is determined by the geometrical calculation, based on the information of the tool axis vector, the shape of the employed tool and the surfaces that may interfere with the tool, as illustrated in Fig. 2 . However, these methods are required to check the interference for all the cutting points, which causes long time for calculation. Accordingly, the calculation time is the serious problem of these methods.
To solve the problem, the study proposes a new interference avoidance method of reversing the order of the above procedure, i.e., that of determining interference-free tool postures before generating cutting points. The new method, which is named "area division method" in the study, is concretely explained as follows. At the beginning, the surface to be machined is represented with u-v parameters. On a curved line where one of the parameter is constant, an interference-free tool posture is subjected to search. To the next line, then, the tool posture is applied, while the interference being checked. The application for all lines on the surface results in the detection of the area where the tool posture does not interfere with the workpiece. To the remaining area where the interference occurs with the tool posture, the above procedure is repeated with the tool posture changed. The repetition is performed until tool posture can be determined on all the surface. Afterwards, cutting points are generated at each area. As a result, each area on the surface can be machined by one tool posture.
In the study, the software to realize the proposed method is developed, and both the new method and conventional one are applied to a same shape. As a consequence, it is found that the processing time of the former is reduced in comparison with that of the latter. In addition, the proposed method is subjected to an experiment to machine a impeller, the representative example of complicated shape. From the machining results, a defined impeller with a 3-dimensional CAD can be fabricated without interference by means of a 5-axis control machining center and the NC data generated through the method. Consequently, it is confirmed that the method is available to machine complicated shapes.
Area Division Method
Area division method proposed in the study is explained by using an example in machining a deep groove, as illustrated in Fig. 3 (a) . The deep groove has the bottom surface and side surfaces. The former is the surface to be machined, and the latter is the surface that may interfere with a tool and that is generally called interference surface. As represented in Fig. 3 (a) , additionally, coordinates are defined on the workpiece.
In order to position an employed ball-end mill for the bottom surface machining, at the beginning, tool center points are generated by the procedure explained as follows. As illustrated in Fig. 3 (b) , a curved surface is defined, which always keeps the distance of the tool radius from the bottom surface. The curved surface is equal to a set of the tool center points to machine the surface. Therefore, the tool center points can be made by generating points on the curved surface. As shown in Fig. 3 (b) , however, the curved surface usually contains the regions where tool interference inevitably occurs, since the regions consist of the points in the place where the distance from an interference surface is less than the tool radius. In other words, the tool in the points on the regions certainly interfere, even if the tool has any postures. As illustrated in Fig. 3 (c) , therefore, it is necessary that such points or regions are found and removed by calculating the distance between each point and interference surfaces after points are arbitrarily generated on the curved surface. As a result, only interference-free points remain. From the remaining points, consequently, interference-free curved surface can be generated and is named offset surface, as shown in Fig. 3 (d) .
Next, tool postures are determined by the method illustrated in Fig. 4. Figure 4 (a) represents the offset surface and the interference surfaces mentioned in Fig. 3 . The offset surface is represented with u-v parameters. As shown in Fig. 4 (b) , the curved line where u = 0.0 is copied at a distance of the tool length and in the direction of Zaxis defined in Fig. 3 (a) , and then, a surface is generated between these lines. The curved line and the surface can be respectively identified with a set of the tool center points and that of the tool axes on the curved line where u = 0.0. As shown in Fig. 4 (c) , accordingly, a set of the the interference surface is more than the length of the tool radius. To the curved line where u = ∆u, subsequently, the same procedure is conducted except that the identical tool axis vectors with the interference-free tool axis vectors where u = 0.0 is applied. ∆u is a minute length. When the tool axis vectors do not interfere, the area where u = 0.0 ∼ ∆u is can be machined by the tool posture represented with the tool axis vector. Letting n be a positive integer, this operation is repeated on the curved line where u = n∆u till detecting the interference of the surface. This results in extraction of the area which can be machined by the tool posture represented with the tool axis vector, i.e., the interference-free tool axis vectors where u = 0.0, as shown in Fig. 4 (d) . After these operations from the curved line where u = 0.0, the identical operations are applied from the curved line where u = 1.0, as shown in Fig. 4 (e) . The repetition of all the operations as mentioned above can basically determine the interference-free tool postures to fabricate all area of the surface to be machined. Finally, tool center points are anew generated on respective areas, as shown in Fig. 4 (f) . The method explained above using Fig. 4 is not necessarily perfect since there may be the case that interferencefree tool postures cannot be obtained in spite of existence of the solution. The typical example is found in the case that interference surfaces are drastically twisted shape, as illustrated in Fig. 5 (a) . In such example, as shown in Fig. 6 Interference between tool and surface to be machined Fig. 5 (b) , the surface as a set of the interference-free tool axis vectors cannot be found with the process explained in Fig. 4 (c) since it is unavoidable that the surface crosses either right or left interference surface. As a solution for the case, as represented in Fig. 5 (c) , the offset surface is divided into two surfaces by the curved line where v = 0.5. To each divided offset surface, as shown in Fig. 5 (d) , the method in Fig. 4 is applied.
In addition, there may be the case that the tool interferes with the surface to be machined. For example, as illustrated in Fig. 6 , the tool shank interferes with the other part which is not the cutting point on the surface to be machined though the tool can avoid the interferences with the surrounding surfaces. In order to cope with the interference, the surface to be machined is also considered as one of the interference surfaces in the processes explained in Fig. 4 (c) and (d) .
Application of the Method

1 Comparison with a conventional method
In order to confirm an effectiveness of the proposed method, the calculation times to find interference-free tool postures are compared when the proposed method and a conventional method are respectively applied to the same model and under the identical conditions. Figure 7 (a) shows the model for the comparison. The model is a deep groove consisting of a bottom surface and side surfaces overhanging the bottom surface. To the bottom surface, the methods are respectively applied.
To machine the bottom surface with the employed conditions, 24 000 cutting points need to be arranged on the bottom surface. Accordingly, the identical number of tool center points are generated on the offset surface above the bottom surface. In the case of application of the conventional method, which seeks an interference-free tool posture on each tool center point, it takes 32 minutes to determine all the tool postures. In the case of application of the proposed method, by contrast, it takes 4 minutes to do that. Consequently, the calculation time is reduced about 87% by applying the proposed method to the model. In addition, Fig. 7 (b) shows the result obtained in applying the proposed method. As you can see from the figure, the bottom surface is divided into 3 areas. From the comparison, it is found that the proposed method can actually obtain interference-free tool postures to machine surfaces overhung by other surfaces in shorter time.
2 Application to an impeller
Aiming at application to a more complicated shape, the proposed method is subjected to fabrication of an impeller. Figure 8 (a) shows a whole view of the solid model of an impeller, which is defined by the authors using the 3-dimensional CAD, DESIGNBASE made by RICOH Co., Ltd. The modeled impeller is designed so as to have 8 blades of 2 mm in thickness and so that its maximum outer diameter and height are 100 mm and 40 mm, respectively. Figure 8 (b) shows an enlarged view of the blades. The shape between the adjacent blades is such as a complicated and deep groove. Its bottom surface and side surfaces of the groove are called hub surface, suction surface and pressure surface. Fabrication of the shape needs 5-axis control machining.
The proposed method is applied to the hub surface, the suction surface and the pressure surface, letting an employed tool be a ball-end mill of 3 mm in diameter and 80 mm in length. Figure 9 
Machining Experiment
For actual fabrication of the impeller shown in Fig. 8 , the machining experiment is conducted. Figure 10 depicts a schematic view of the 5-axis control machining center, GV4000/5AX made by MORI SEIKI Co., Ltd. Table 1 lists the specifications of the machining center. An employed tool is the ball-end mill whose specifications are listed in Table 2 . The ball-end mill is utilized for both of roughing and finishing. Tool length when the ball-end mill is attached to the machining center is 90 mm. Workpiece is made of chemical wood. Its original shape is a cube whose the side is 100 mm. Figure 11 depicts the workpiece such as a truncated cone, formed by machining the original shape. To the Table 1 Specifications of the machining center Table 2 Specifications of employed ball-end mill workpiece, roughing is done by the method illustrated in Fig. 12 . On each area obtained by the proposed method, concretely, surface layers for roughing are defined so that the layers are piled up in direction of each interferencefree tool axis vector found by the proposed method. Then, the most outer layers of the areas are machined in or- Table 3 Cutting conditions der and with a reciprocating path. In the case of Fig. 12 , therefore, the layers are machined in the order such as (A 1 ,B 1 ,C 1 ), (A 2 ,B 2 ,C 2 ),...,(A n ,B n ,C n ). Table 3 lists the cutting condition for the roughing. Allowance for finishing is set to 1 mm. As a result of actually roughing, the total machining time is 320 minutes. After the roughing, finishing is done using the CL data generated by means of the proposed method. Table 3 also lists the cutting condition for the finishing. Figure 13 shows the machined workpice. As seen from the figures, it is found that the defined impeller can be actually fabricated without tool interferences. Total machining time for the finishing is 253 minutes.
Conclusions
To use 5-axis control machining center very well, in general, it is necessary that the postures of an employed tool are determined so as to prevent the tool from interfering with the other parts without the surface to be machined since the machining center can make its tool have a variety of postures. Therefore, the CAM systems have been developed which can determine the tool postures without the interferences. However, they have a problem that the calculation time is so long since they generally seek an interference-free tool posture on each cutting point after the points are arranged on the surface to be machined. To solve the problem, the study develops the CAM system adopting a new method, "area division method". The method finds an interference-free tool posture, expands and determines the area where the tool posture can machine without the interferences, repeats the procedure until the areas fill the surface to be machined, and generates cutting points on the areas finally. From the experiments using the CAM system, the conclusions are obtained as follows.
( 1 ) From the comparison with a conventional method, it is found that the proposed method can reduce the calculation time to determine interference-free tool postures.
( 2 ) The proposed method can output the CL data to machine an impeller as a representative complicated shape.
( 3 ) Using the output CL data, the machining experiment is conducted by means of a 5-axis control machining center. As a result, the impeller can be machined without the interferences. This proves the effectiveness of the proposed method.
